Summary. This paper examines how selected physiological performance variables, such as maximal oxygen uptake, strength and power, might best be scaled for subject differences in body size. The apparent dilemma between using either ratio standards or a linear adjustment method to scale was investigated by considering how maximal oxygen uptake (l" rain-1), peak and mean power output (W) might best be adjusted for differences in body mass (kg). A curvilinear power function model was shown to be theoretically, physiologically and empirically superior to the linear models. Based on the fitted power functions, the best method of scaling maximum oxygen uptake, peak and mean power output, required these variables to be divided by body mass, recorded in the units kg 2/3. Hence, the power function ratio standards (ml.kg -2/3.min -1) and (W.kg-2/3) were best able to describe a wide range of subjects in terms of their physiological capacity, i.e. their ability to utilise oxygen or record power maximally, independent of body size. The simple ratio standards (ml. kg-1. min-1) and (W. kg -1) were found to best describe the same subjects according to their performance capacities or ability to run which are highly dependent on body size. The appropriate model to explain the experimental design effects on such ratio standards was shown to be log-normal rather than normal. Simply by taking logarithms of the power function ratio standard, identical solutions for the design effects are obtained using either ANOVA or, by taking the unscaled physiological variable as the dependent variable and the body size variable as the covariate, ANCOVA methods.
Introduction
Measurements in physiology and medicine are often recorded a per-body mass (m) or per-surface area ratio standards, e.g. maximum oxygen uptake (ml.kg-l.min -1) or peak power per cross-sectional area of muscle (W. cm-2). These simple ratio standards have been used to facilitate the comparison of measurements recorded from individuals of different sizes, since, by dividing by an "appropriate" body size variable, it is assumed that differences in the physiological variable due to the subject's size will have been removed. Hence, the scaled physiological performance variables are assumed to be independent of the subjects' body size dimension.
However, these simple ratio standards have come under strong criticism by authors such as Tanner (1949) , Katch (1972 Katch ( , 1973 , Katch and Katch (1974) and more recently by Winter et al. (1991) . These authors' criticism is based on several observations. Firstly, when simple ratio standards, e.g. maximum oxygen uptake (ml.kg -1.min-1), are correlated with a body size dimensions, e.g. m (kg), the correlations are found to be negative, i.e. the simple ratio standards fail to produce a dimensionless physiological performance variable. On the contrary, it would appear that these simple ratio standards "over-scale" by converting the positive correlation, between the physiological performance variable and the body size variable, to a negative one. Secondly, the authors assume that the relationship between the two ratio variables is linear and then argue that if the model that describes this relationship is a true linear proportion, then the least-squares linear regression line should pass close to, if not through, the origin. When this fails to occur in most of the studies cited, the authors propose using an additive adjustment, based on the regression line, to correct the numerator variable for differences in the body-size denominator variable [see Katch and Katch (1974) for details].
In contrast, Kleiber (1950) proposed using a power function model, the simple ratio standard being a special case, to explain the relationship between a physiological variable and a body size variable, since such variables are known to be proportional to a power of the subjects' linear dimension (L), e.g. m is proportional to L 3 (Astrand and Rodahl 1986) . Hence, theoretically the relationship between such variables is more likely to be a power function model rather than linear model, even if the empirical least-squares regression line may happen to fit the data better (i.e. produce a lower residual sumof-squares). Additional support for the use of a power function model comes from Schmidt-Nielsen (1984) when scaling physiological variables for animals of different sizes. When metabolic rate was plotted against m for a large variety of animal species, using a log-log scale, a straight line relationship was obtained, a wellknown characteristic of a power function model. A similar straight line was obtained by McMahon (1984) when plotting the relationship between log [maximum oxygen uptake (ml.s-1)] against the log[m (kg)] for a similar range in animal scale, once again confirming the underlying power function model. These methods of scaling will be examined by investigating the results of two studies. The first study examines how the maximal oxygen uptake values (1. min-1) of 308 subjects might best be scaled for differences in their m (kg). The second study investigates how 16 subjects' peak and mean power output scores (W) might best be scaled for differences in m (kg).
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(iii) The power function ratio standard (Yi/X b) assumes the following model between the physiological performance variable (Yi) and the body size variable (X0
where e~ is a multiplicative error ratio term. This multiplicative error term is a particularly attractive feature of this model since it will accommodate a spread in the subjects' Y~ and Xi values when plotted against each other, provided these scores diverge at a constant proportion to each other. The parameters a and b are obtained assuming a tog-linear model, i.e. by taking logs of Eq. 3 and fitting the least-squares regression line to log (Yi) using log (X 0 as the predictor variable, log (Yi) = log (a) + b" log (Xi) + log (el)
The residual error ratios are obtained by re-arranging Eq. 3 to obtain
Hence, the power function of best fit would suggest the appropriate method of scaling should be the power function ratio standard Yi/X b, a familiar equation to supporters of the simple ratio standard when the power function parameter equals unity (i.e. b=l).
The statistical modelling of the data from studies 1 and 2, given below, was carried out on the University of Birmingham's IBM 3090 mainframe computer, using the statistical package GLIM [Generalized Linear Interactive Modelling; Baker and Nelder (1978) ]. Much of the descriptive analyses were confirmed on an IBM PS/2 using the statistical package MINITAB (Minitab Reference Manual 1989).
Scaling models and statistical methods
The methods of scaling described by the authors above (Tanner 1949; Katch 1972 Katch , 1973 Katch and Katch 1974) were all presented without reference to the errors associated with each model. However, different methods of scaling will make quite different assumptions concerning the relationship that exists between the physiological performance variable Yi, the relevant body size variable X~ and their associated residual errors. (i) The simple ratio standard (Yi/XO implies the following mathematical relationship between the physiological performance and the body size variables,
where ei is an additive error term. The model assumptions, given in Eq. 1, assume the groups' ratio standard parameter a is calculated using least-squares linear regression but by omitting the intercept constant.
(ii) The least-squares linear adjustment method of scaling assumes the following model:
where el denotes the residual errors from the least-squares regression line of best fit. Similar to the simple ratio standard model, least-squares, linear regression assumes a constant error term throughout the range of the variables Yi and Xi, an assumption that would appear to be questionable when modelling human performance val;iables recorded from subjects of different body size. Assuming a linear model with an additive error term, the residual errors are obtained by re-arranging Eq. 1:
The method of adjustment, outlined by Katch and Katch (1974) , requires this residual error to be added to the group's arithmetic mean, i.e. Y+ ei, to represent the individual's "adjusted" or scaled score.
Study 1: scaling maximum oxygen uptake for differences in m Subjects and methods. Over a 7-year period 308 recreationally active subjects (men, n = 179; women, n = 129) gave their informed consent and volunteered to take part in experiments at Loughborough University which required the direct determination of maximum oxygen uptake. All the experiments were conducted in keeping with the principles embodied in the Declaration of Helsinki for experiments involving human subjects. Of the 308 subjects, 204 subjects (men, n = 112; women, n = 92), completed both the maximum oxygen uptake test and a 5-km performance test on the running track. The subject's maximum oxygen uptake was determined during inclined treadmill running using a modification of procedures originally described by Taylor et al. (1955) . The speed of the treadmill was constant throughout the test, but the elevation was increased by 2.5°70 every 3 min. Voluntary exhaustion was usually reached within 8-12 min. Samples of expired air were collected in 150-1 Douglas bags during the last minute of each 3-min period and during the last minute of the test. Oxygen Uptake was determined as previously described by Williams and Nute (1983) . Modelling the relationship between maximum oxygen uptake and m. The results of modelling maximum oxygen uptake (1. min-1) and m (kg) for men and women using all three models are summarised in Table 1 . As anticipated, the correlation between the simple ratio standard, maximum oxygen uptake (ml.kg -1" min-1), and m (kg) for men and women was negative r= -0.385 (P<0.01; n= 179) and r= -0.347 (P<0.01; n = 129) respectively. In contrast, when maximum oxygen uptake (1. min-1) was scaled according to the linear adjustment methods outlined in Katch and Katch (1974) and correlated with m (kg), the correlation was found to be zero (r= 0.00) for both men and women. When the least-squares regression lines were fitted to the data for the men and women separately ( Fig. 1 ) both the intercept parameters were found to be significantly greater than zero. This result agrees with the findings of Ribisl and Kachadorian (1969) based on 24 men, presented in Katch (1973) .
However, the best fit was found when these data were modelled using power function, assuming a log-linear model to estimate the parameters. The resulting power functions for men and women are given in Fig. 2 .
No statistically significant differences were found between the power function parameters (0.63 and 0.72), but a significant difference was found between the constant multipliers (0.29 and 0.15). Hence, when these data were analysed together, allowing separate constant multipliers but a common power function parameter, the following power functions were obtained:
(6) and Y(women) = 0.183. X °'669
It is interesting to note that the combined power function parameter b is almost exactly 2/3. Assuming that maximum oxygen uptake (1. min-1) should be scaled using the model that gives the best fit (least residual sumof-squares), the most appropriate method of scaling is the power function ratio standard, that would require the subjects' maximum oxygen uptake (1.min -1) to be divided by a proportion of the subjects' m, recorded in the units kg 2/3, i.e. (l'kg2/3.min -1) or (ml.kg -2/3. min-1). Note that the correlation between maximum oxygen uptake (ml. kg-2/3.min-1) and m (kg) for men and women was not statistically significant r=0.034 (P>0.05; n= 179) and r=0.017 (P>0.05; n=129) respectively.
"Scaling" maximum oxygen uptake to predict 5-km running performance. Nevill et al. (1990) showed that 5-km running performance was better related (correlated) to maximum oxygen uptake if running performance was recorded as an average speed (m.s-1) rather than an absolute run time (rain). Hence, when the average 5-km run speeds were predicted using the scaled power function ratio, maximum oxygen uptake (ml.kg -2/3. min-1), the residual sum-of-squares was found to be a little less than the linear adjustment method of scaling for both men and women (Table 2) . However, using this ratio standard limits the power function parameter to b = 2/3 when trying to explain average 5-kin running speed. On the other hand, if we assume that the relationship between running performance (5-km run speed m's-1), maximum oxygen uptake (1.min -1) and m (kg) is better described by a power function, but not subject to the restriction imposed by the ratio (ml. kg--2/3, min-1), multiple regression can be used to optimally combine maximum oxygen uptake (1.min -1) and m (kg) to predict running performance (5-kin run speed m.s-a). Assuming a log-linear model, no statistically significant differences were found between the male and female models for either the maximum oxygen uptake or m parameters. Hence, the common power function model relating 5-km running speed, Z(m.s-1), to maximum oxygen Y(1.min -]) and m X(kg) is given by Z(m. s -1) = 84.3" yl.Ol "X-1.o3.
The power function model, given by Eq. 8, is both simple and meaningful. The best predictor of 5-km run times, when recorded as a rate of performance, i.e. mean running speed (m.s-1), is almost exactly proportional to the ratio standard maximum oxygen uptake (1. min -]) divided by m (kg) or ml. kg -1. rain -1. Hence, when the average 5-km run speeds were predicted for men using maximum oxygen uptake (ml. kg -1. rain -]), the residual sum-of-squares was found to be considerably reduced for both men and women ( Table 2 ). The relationship between average 5-kin run speed and maximum oxygen uptake (ml.kg-l.min -]) is plotted in Fig. 3 . Subjects and methods. The peak and mean power output (W) of 16 recreationally active male subjects were recorded on a non-motorised treadmill as part of a training study carried out at Loughborough University, the results of which are described in Holmyard et al. (1991) . In addition to the laboratory-based treadmill tests, the subjects also undertook a 50-m and a 30-s sprint test on an outdoor running track under carefully standardised test procedures and conditions. The subjects' mean (SD) age, height, and weight were 22.6 (2.7) years, 1.74 (0.1) m, and 68.0 (11.0) kg respectively. All the data presented below were collected prior to the sprint training programme.
Modelling the relationship between power output and m. As anticipated, a moderately strong positive relationship was found between peak power (W) and m (kg) r= 0.608 and between mean power output (W) and m (kg) r= 0.703. The results of modelling peak and mean power output (W) against m (kg) using all three models are summarised in Table 3 . Once again, the curvilinear power function models resulted in the best fit to both the peak and mean power output data (Fig. 4) , having estimated the exponents to be 0.628 and 0.738 respectively using the log-linear regression model.
Further inspection of Fig. 4 reveals the scores diverge with an increase in scale, questioning the constant error No statistically significant differences were found between the power function parameters (0.628 and 0.738) but a significant difference was found between the constant multipliers (51.8 and 22.4). Hence, when these data were analysed together, allowing separate constant multipliers but a common power function parameter, the following power functions were obtained:
Y(peak power) = 41.6 .X °6s and Y(mean power) = 28.7. X °'68.
As before, the combined power function parameter 'b' is almost exactly 2/3. "Scaling" peak and mean power output to predict sprint running performance. In order to relate the peak and mean power performances (W), recorded on the nonmotorised treadmill, to running performance, the subjects were asked to complete a 50-m and a 30-s sprint test. When peak and mean power output was scaled as the ratio standard W'kg -2/3 and used to predict the 50-m and 30-s sprint (m.s-1) respectively, the quality of fit was found to be marginally worse than the fit obtained using the linear adjustment method of scaling peak and mean power (Table 4) . However, as mentioned earlier, using this ratio standard limits the power function parameter to b = 2/3. If we assume that the relationship between sprinting performance, power output (W) and m (kg) is better described by a power function model, but not subject to the restriction imposed by the ratio W" kg-z/3, multiple regression can be used to optimally combine power output (W) and m (kg) to predict sprinting performance. Assuming a log-linear model to estimate the parameters, the optimal predictors of 50-m and 30-s sprint performance were found to be almost exactly ratio standards (W" kg-1)o.14 and (W. kg-i)o.3 respectively. However, if the simple ratio standards, peak and mean power (W.kg-1), was used to predict 50-m and 30-s sprint performance respectively, the residual sum-of-squares increased by only a small amount in both cases, suggesting an equally satisfactory and optimal fit (Table 4) .
Investigating experimental design effects
The researcher will often with to investigate how these ratio variables respond to various experimental design conditions. Consider the classical "split-plot" experimental design frequently used to investigate the effec, tiveness of a training study, e.g. the design used by Holmyard et al. (1991) . Typically, the researcher would divide the group of volunteers at random into two groups, an experimental group and a control group. Performance measurements would be taken for all subjects before and after a period of time in which only the experimental group would have completed a training programme, i.e. the control group would just continue with their normal lifestyle. The linear model used to describe such a design, assuming additive effects and an additive error term, is given by the following equation:
Yijk/Xijk =,U + Oq + nk(i) + flj + O~ flij + fl T~jk(i) + gm(ijk) (11)
where Yijk/gijk is the ratio standard, ai denotes the group effect (e.g. control vs experimental), flj represents the within-subject or trial effect (e.g. before vs after training), nk0) indicates the effect of the kth subject in group oq and the residual error en0jk) is assumed to be a constant additive terrm throughout the range of measurements (see Winer 1971, pp 519 for full details of this design). Some authors, for example, Winter et al. (1991) recommend that the body size variable Xijk should be included as a covariate, rather than used as the denominator in the ratio standard, when analysing the results of their experiments, i.e. in the model described above they would recommend that the physiological variable Y~jk should be analysed assuming the following model:
where Xijk will automatically adjust the physiological variable Yijk assuming a linear relationship (see Winer 1971, p 781 for full details of this design). Clearly the models given by Eqs. 11 and 12 are incompatible and are likely to yield contradictory results when investigating experimental design effects, i.e. multiplying both sides of Eq. 11 by Xij~ will result in a over-complicated model involving interaction terms between the covariate and the experimental design parameters. As discussed earlier, the assumption that physiological and body size variables are linearly related with a constant additive error term is unreasonable. By observing Figs. 1, 2 or 4, the data have a tendency to diverge as the scale of both maximum oxygen uptake (1.rain-I) and power (W) increase with m (kg), implying a multiplicative error term rather than a constant additive error term assumed by the models in Eqs. 11 and 12. In addition, any changes in these ratio standards, due to the experimental design, are also more likely to be described by a multiplicative model. In the training study, for example, the researcher is often more interested in comparing the percentage change in the ratio variable, from before to after training, between the control and experimental groups, rather than the absolute change in the ratio variable. When experimenter is interested in percentage changes rather than absolute changes in the dependent variable, a multiplicative model should be used to explain such effects.
A multiplicative model, used to describe a split-plot experimental design when a ratio standard is to be used as the dependent variable, is given by the following equation:
Yij k/Xij k :/-/" t~i" 7~k (i)" fij" OL ]~ij" fl 7~j k (i)" ern (ij k)
where, as before, Yi)k/Xok is the ratio standard, ai denotes the group ratio effect, flj represents the trial ratio effect, ~Zk(i) indicates the ratio effect of the kth subject in group ai and the residual error ratio em(i~k) is assumed to be a constant multiplicative error ratio. Provided the ratio standard in the left hand side of Eq. 13 has been defined by the power function of best fit, i.e. Yijk/X~jk,b by simply taking logarithms of this ratio and using an appropriate re-parameterization, the experimental design effects can be investigated using traditional ANOVA methods. This does, of course, assume that the error ratio term in Eq. 13 has a log-normal distribution. However, since many of the physiological and body size variables have been shown to be proportional to a power (> 1) of L, e.g. rnc~L 3, the distribution of such variables are likely to be positively skewed, a characteristic that will be corrected by a logarithmic transformation. The same experimental design effects can be obtained by analysing log(Yij0 as the dependent variable, using the analysis of covariance (ANCOVA), where 1og(Xijk) will automatically adjust the numerator dependent variable to provide the same design effects as the ANOVA solution described above.
As mentioned in our examples, if the researcher wishes to use the ratio standard that best reflects running performance, he or she should use m related variables, e.g. maximum oxygen uptake (ml. kg -'. min -1), peak or mean power (W.kg -1) rather than the ratio standard defined by the power function of best fit (ml. kg-2/a, min-1) or (W. kg--2/3). Under these circumstances the appropriate design effects can only be found by analysing the logarithms of the ratio standard, m related maximum oxygen uptake (ml. kg -1. min -'), peak or mean power output (W. kg-1), as the dependent variable using traditional ANOVA methods.
Discussion
An important necessary although not sufficient requirement of a scaling technique is, that having applied the scaling method to the physiological performance variable, the scaled variable should be independent of body size. This is clearly not the case for the simple ratio scales maximum oxygen uptake (ml. kg -'. min -x), peak and mean power (W" kg-1), since, in the examples presented in either studies 1 or 2, the simple ratio scales correlated negatively with m, although, due to the reduced sample size in study 2, we can only report the anticipated significant negative correlation for both men and women in study 1. In contrast, both the linear adjustment and power function methods of scaling would appear to have successfully removed the body size dimension, as suggested by the insignificant correlations found between the scaled variables and m for all the examples given.
However, if we assume that physiological performance variables, such as maximum oxygen uptake (1. min-') peak and mean power output (W), should be scaled for individuals of different body size using the most appropriate model (based on the residual sum-ofsquares and the more appropriate multiplicative error term), rather than using the linear adjustment methods, the best method of scaling is given by the power function ratio standards, maximum oxygen uptake (ml.kg-2/3.min -1) and peak and mean power output (W'kg-2/3). In all four examples described above, the residual sum-of-squares was less for the power function models when compared with the simple ratio scale mod-116 els or the linear adjustment models. Hence, the scaling models that best divided a population in terms of their physiological capacity, i.e. ability to utilise oxygen or provide power output maximally for a wide range of subjects, independent of body size, was shown to be the power function ratio standards (ml. kg -2/3. min -l) and (W. kg-2/3) respectively.
The same conclusion was reached by Astrand and Rodahl (1986) , when modelling maximum oxygen uptake (1" min-1) of top Norwegian athletes trained in a variety of events (data by Vaage and Hermansen) and by Secher et al. (1983) and Secher (1990) when describing the maximum oxygen uptake of oarsmen. Indeed, the findings that peak and mean power should be scaled by dividing the power output (W) by m (kg-2/3) is entirely plausible, once again, based on the work of Astrand and Rodahl (1986) . If, as the authors show, human power output is proportional to L z then the appropriate scaling parameter is m 2/3, where L represents a linear function of body size. Additional support for this result comes from Nevill et al. (1991) , when scaling leg peak power (W) of 34 men and 47 women using lean leg volume (/). Not surprisingly, the power function ratio standard proved to be the best method of scaling peak power output (W) with the body size denominator variable, l, raised to the power 0.63, (approximately 2/3). This finding suggests that the appropriate method of scaling peak power is to divide the power output (W) by l 2/3, i.e. a surface area dimension such as the cross-sectional area of the leg muscle. This result might have been anticipated by many muscle physiologists.
An implicit assumption behind scaling physiological performance measurements such as maximum oxygen uptake (1.min-1) for m (kg), is that having adjusted the variable of interest, any remaining "residual" difference in the scaled variable should help to explain differences in other independent performance variables, e.g. 5-km run times, without being confounded by differences in the subjects' body size. When the power function ratio standards, maximum oxygen uptake (ml. kg -2/3. rain -1) and peak and mean power output (W.kg-2/3), were used to predict running performance, the quality of fit was good but not optimal. In both studies investigated, the simple ratio standard, maximum oxygen uptake (ml'kg-l'min-1), produced the optimal predictor of average 5-kin running speed and the simple ratio standards, peak and mean power output (W.kg-1), were found to be optimal at predicting 50-m and 30-s track running speeds respectively.
However, it is essential that the distinction between, and the implications associated with, these two "scaling" methods are clearly understood. The simple ratio standards, maximum oxygen uptake (ml. kg -1. min -1), peak and mean power (W-kg-1), are not true scaling methods. On the contrary, they result in a "scaled" index that over-adjusts the subjects' physiological performance variables for m but nevertheless produces a ratio or index that best relates to running performance. Hence, if the researcher wishes to obtain a index that reflects the performance capacity of a sample, he or she should use the ratio derived from the multiple regression fit, assureing a log-linear model, using a valid measure of performance as the dependent variable and the physiological numerator variable and the body size denominator variable as the predictor variables. The ratio standard (ml. kg-1. min-1) was the model that was able to divide the subjects according to their performance capacity or ability to run 5 km. The same was true for "scaling" peak and mean power output to reflect sprinting performance. The index that was best able to reflect the subjects' sprinting performance on the track was found to be peak and mean power output (W" kg-1).
Clearly the performance capacity of participants in different sporting events is likely to vary according to the nature of the sport. Sporting events that require the performer to carry his or her own body weight, such as running, the likely body size denominator variable will be the entire m (kg). Alternatively, if the sporting event is weight supported, such as cycling, rowing or canoeing, the body size denominator component of a "scaled" index is like likely to be considerablely less if not absent, e.g. unscaled maximum oxygen uptake (1. min-1).
However, if the researcher wishes to investigate the results of experiments on physiological variables that are known to vary with body size, such as maximum oxygen uptake (1.rain-I), peak and mean power output (W), but with the body-size dimension removed, the appropriate design effects will be obtained by analysing the logarithms of the power function ratio standard, i.e. (ml. kg -2/3. min -1) and (W. kg-2/3), as the dependent variable using traditional ANOVA methods. Alternatively, the identical conclusions will be obtained simply by setting the logarithms of the physiological numerator variable as the dependent variable and using the logarithms of body size denominator variable as the covariate in the analysis of covariance (ANCOVA). This will automatically adjust or scale the physiological variable for differences in the subjects' body size to provide the same design effects as the ANOVA solution.
